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CargoNeutron and Photon Transport in Sea-Going Cargo ContainersJ. Pruet, M.-A. Desalle, J. Hall, and B. PohlLawrene Livermore National LaboratoryS. G. PrussinDepartment of Nulear Engineering,University of California at Berkeley(Dated: September 14, 2004)AbstratFators a�eting sensing of small quantities of �ssionable material in large sea-going argo on-tainers by neutron interrogation and detetion of �-delayed photons are explored. The propagationof variable-energy neutrons in argos, subsequent �ssion of hidden nulear material and produtionof the �-delayed photons, and the propagation of these photons to an external detetor are onsid-ered expliitly. Detailed results of Monte Carlo simulations of these stages in representative argosare presented. Analytial models are developed both as a basis for a quantitative understandingof the interrogation proess and as a tool to allow ready extrapolation of our results to ases notspei�ally onsidered here.PACS numbers: 89.20.Dd, 89.40.C, 25.85.E
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I. INTRODUCTIONThe detetion of kilogram quantities of �ssionable materials that might be hidden inlarge, sea- going argo ontainers has been reognized as a major issue in world seurity.This represents a daunting task. Suh intermodal argo ontainers, with ross setionsof about 2.4 m x 2.4 m and lengths of 6 m or 12 m, arry argos of up to 27 metritonnes. Essentially all materials in modern ommere, and hene elements spanning mostof the periodi table, an be found among them. The ontents of a ontainer may bealmost homogeneous in both omposition and volumetri distribution, or heterogeneous,with quasi-regular or random voids throughout. For suh a wide range of onditions, brute-fore Monte Carlo simulations of the transport of interrogating radiation and the subsequentprodution and transport of signature radiation through the argo to a detetor are theprimary means of approahing reasonably aurate preditions of the eÆay of proposedmethodologies. Performing these simulations for all possible argos is impratial. It is ofobvious interest to identify and quantify those fators that an be redued to generalizationsand to develop analytial approahes that an provide reasonable and prompt estimates ofa given interrogation senario.Formalisms desribing neutron and photon transport have long been in a state of ma-ture development. Publiations of the reator physis ommunity, in partiular, are a rihresoure for understanding many aspets of the argo interrogation problem. However, thefous and interesting aspets of reator appliations are quite di�erent from those for argointerrogation systems. The present work is an attempt to bridge some of that disparity bydeveloping part of the foundation needed for understanding argo interrogation methodsthat rely on neutron-indued �ssion and detetion of post-�ssion, high-energy �-delayed -rays. Figure 1 gives a simple illustration of suh a detetion system. We will emphasize thesalient features of partile transport relevant to this problem.The problem we deal with is de�ned prinipally by the extensive shielding posed bythe massive argos, the physial dimensions of the ontainers and the time allowed for aninspetion, and deay imes of interesting radiation. The methodology hosen for studyhere is suggested by the fairly large mean free paths for neutrons with energies in therange 0:1 � En � 14 MeV in most materials (see, e.g. [1℄) and the high-penetrabilityand harateristi signatures of the -rays emitted with energies E >� 3 MeV in the deay2



of short-lived �ssion produts [2℄. Pratial onsiderations suggest that the time sale forsanning of argo ontainers should be on the order of 1 min, whih is just the time saleassoiated with the deay of the �ssion produts that emit photons of interest.The estimation of the -ray signature esaping the argo and inident upon an externaldetetor an be treated in two distint phases. The �rst onerns the interrogating neu-trons, their transport through the argo ontainer and their eÆieny for induing �ssion.This is treated in Setion 2. The seond part onerns the high-energy -rays from deayof the �ssion produts, their prodution, transport through the argo ontainer and theirprobability of detetion. Here we onsider a shemati sintillation devie as the detetorfor suh radiation. In setion 3 we present estimates for the spetra of -rays emitted follow-ing �ssion as well as formulas for simply estimating the inuene of argo on the observedphoton spetrum. As representative of possible landestine material, we treat expliitlythe ase of highly-enrihed uranium (HEU) embedded in homogeneously-�lled ontainers.E�ets due to the environment outside the detetor/ontainer system, inluding satteringin the external environment, are negleted. To represent ommon hydrogenous materials,suh as plastis, foodstu�s and all other organi produts and materials, we hoose a modelomposition for wood. To represent the most ommon heavier elements found in ommere,we onsider aluminum and steel. Load limits generally applied to these ontainers ditate amaximum mean argo density of �max � 0:6g m�3.II. NEUTRON TRANSPORT IN CARGOS AND FISSIONOne key measure of the usefulness of ative interrogation systems is the neutron ux atthe position in the argo ontainer where a target may be loated. This ux will dependprimarily on the properties of the argo and the harateristis of the interrogating neutronbeam. At the start, it is useful to di�erentiate between argos that strongly or weakly mod-erate the neutrons. Pratially, this is equivalent to distinguishing between materials rih inhydrogen and those that are not[10℄. The �rst ase, i.e. transport in weakly-moderating ar-gos, is relatively straightforward beause thermal energies are generally not reahed and lossof neutrons by absorption is usually negligible. To a good approximation, only sattering ofquasi mono-energeti neutrons need be onsidered. This ase is disussed �rst.3



A. Weakly Moderating CargosCargos omposed only of heavy elements are not eÆient moderators beause of thesmall energy loss haraterizing neutron ollisions within the ontainer and the relatively fewollisions su�ered before neutrons esape the ontainer. In the limit of energy-independentneutron sattering, adequate for rough saling purposes, the mean distane traversed by aneutron after sattering n times in a homogeneous medium is hr2i = 2n�2, where � is thesattering mean free path. For a argo ontainer with harateristi linear dimension L, thenumber of satterings su�ered by a typial neutron before esaping the ontainer isnes � 12 �L��2 : (1)A simple estimate of the upper limit to nes an be found by negleting ompound elastisattering and using the low-energy limit to potential sattering�el;pot = 4�R2: (2)Here R � 1:25A1=3 fermi is the nulear radius and A is the mass number of the targetnuleus. With this, � � 8:5mA1=3=� and an estimate of the number of ollisions to esapeis nes � 7 � 10�3 � �LA1=3�2 ; (3)where � is the argo density. The average number of ollisions needed to thermalize a neutronwith initial energy E0 is about nth � ln(E0=Eth)� ; (4)where � = dEE � 2A+ 2=3 (5)is the mean logarithmi energy loss per ollision. If we assume the maximum homogeneousdensity of �max = 0:6g m�3, the number of ollisions su�ered by a neutron before traversinga distane L in a ontainer �lled with either aluminum or steel will be less than about 16and 10, respetively. For the minimum neutron soure energy of 0:06MeV onsidered here,the ratio of the number of ollisions to esape to the number of ollisions to thermalize isless than 0.1 for all mass numbers greater than about 25.Inelasti sattering hanges the evolution of neutron energy within the ontainer a little.For inident neutron energies larger than a few MeV, inelasti sattering omprises about4



half the total sattering ross setion for many nulei with A>�20. Eah inelasti satteringevent an derease the neutron energy by a fator of � 2. One the neutron reahes energiesof a few hundred keV inelasti sattering is usually not eÆient at moderating the neutron.At least for semi-quantitative alulations, thermalization an be negleted safely, as well asloss of neutrons by mehanisms other than esape from the ontainer.Assuming that neutron absorption and the energy dependene of the sattering rosssetion an be negleted, a simple di�usion approximation for neutron transport an beapplied. That is, the total ux in the ontainer is given approximately by the sum ofthe unollided ux at the soure energy (or energies) and a di�usive ux. We onsiderfor simpliity the ase of a mono-energeti neutron beam entering through the wall of ahomogeneously �lled ontainer. The ux of unollided neutrons along the beam axis in theargo is given simply by �0(z) = �0e�z=�; (6)where �0 represents the ux of neutrons at the point of entering the argo ontainer and zrepresents the path length within the ontainer of an unollided neutron.If sattering is approximately isotropi, as is typially true for modestly heavy nulides,the neutrons undergoing a �rst sattering out of the beam an be treated as a soure ofdi�usive ux. The number of neutrons sattered out of the beam at z per unit time per unitvolume is dSd3xdt = ��0(z): (7)Here � = ��Na=A is the marosopi sattering ross setion and Na is Avogadro's number.The ux at an arbitrary point within the argo ontainer an be alulated from an estimateof the di�usion kernel that desribes propagation of neutrons from a loalized soure. In anin�nite and homogeneous medium, the di�usive ux at a point �r0 = (x0; y0; z0) arising froma point soure of strength dS at �r = (x; y; z) isd�di�(r) � dS4�DGinf(�r; �r0) � dS4�Dj�r � �r0j : (8)Here D is the familiar di�usion oeÆient given by D�1 � 3�(1� ��), with �� is the averageof the osine of the sattering angle.In �nite ontainers the di�usive ux approahes a very small value near the ontainerwalls. Eq. 8 is only aurate when the distane j�r � �r0j is muh smaller than the distane5



from �r0 to the nearest ontainer wall. Standard approximations to the di�usion kernel forretangular boxes are well known, though somewhat tedious. Appendix 2 reviews someproperties of the �nite-spae di�usion kernel G�n. In terms of this kernel, a simple estimateof the di�usive ux at any point in the argo ontainer is given by�di�(�r) = �4�D Z �0(z0)G�n(�r; �r0)d3r0; (9)where �r0 is the point of �rst satter for a neutron.For homogeneous argos, the sum of the unollided ux (eq. 6) and the di�usive ux(eq. 9) are usually adequate for prediting the total ux at a target to within a fator ofabout two in homogeneous argos. To demonstrate this, and to motivate a simple pituredesribing interrogation of non-hydrogenous argos, the neutron ux in a ontainer �lledhomogeneously with natural aluminum is shown in �gure 2 as a funtion of beam energy.Results from the above analyti alulations and from detailed Monte Carlo alulationsare both shown. These Monte Carlo simulations are from the LLNL COG [3℄ ode and useENDF B-VI evaluated data �les [11℄. The neutron soure was taken to be a 30 m diameterbeam inident normally at the enter of the argo ontainer oor. The ontainer walls wereassumed to be low arbon steel of thikness 1=800. Above the oor was a 3 m thik sheet ofwood, modeled as ellulose (C6H10O5) ontaining 12% H2O by weight.The omparisons between the simple analytial approximations and the Monte Carlosimulations show reasonable agreement. They are also representative of results for steel andother homogeneous non-hydrogenous argos. Common to these is the relatively weak beamattenuation. For example, the ux of 14 MeV neutrons at the enter of a ontainer �lledat maximum mean density is still about 10% of the inident ux. Also, and in ontrastto hydrogenous argos (see below), the ux depends only modestly on the neutron beamenergy. The wood ooring is responsible for most of the dependene of the ux on inidentneutron energy. For example, the wood attenuates 60 keV neutrons by a fator of about 3,and 1 MeV neutrons by a fator of about two.The results shown in �gure 2 are relevant for the ase of a neutron beam positioneddiretly beneath a target in a stati ondition. However, ative interrogation systems nowunder onsideration propose sanning the argo by passing the ontainer over or by the beamat a onstant rate. For this ase, it is important to understand the relative importane ofboth the unollided and di�usive ux throughout the ontainer. When the di�usive ux6



dominates, the �ssion rate at the target will vary relatively slowly as the ontainer traversesthrough the beam. However, when the unollided beam dominates, a signature from �ssionwill inrease markedly when the target enters the viinity of the beam axis. Figure 3 showsthe spatial variation of the total ux along the horizontal enterline of the argo ontainerfor a 14.5 MeV neutron beam. The argo and beam geometries represented by this �gureare the same as those desribed by �gure 2. It is lear that the ux within the volumede�ned by the unollided beam is about an order of magnitude larger than the ux 1 maway from the beam. This is typial of many weakly-moderating homogeneous argos. Theunollided ux typially dominates over the di�usive ux beause the ontainer weight limitpreludes mean free paths smaller than about 40(A=27)�1=3m. For homogeneous argos,then, the �ssion signature will rise appreiably as the target enters the unollided neutronbeam. Alternatively, the makeup of the argo outside of the region de�ned by the neutronbeam will generally have little inuene on the ux within this region.B. Cargos that EÆiently Moderate and Absorb NeutronsNeutron sattering on hydrogen is haraterized by an average logarithmi energy loss� = 1 for energies larger than a few times the average thermal energies of target protons(� 10�1eV). Unlike the ase of argos omposed of elements with large atomi mass, theontainer weight limit does not rule out thermalization of neutrons with energies of severalMeV. Indeed, beause the n-p sattering ross setion inreases so quikly with dereasingneutron energy - the sattering ross setion for 1 MeV neutrons is about 12 times largerthan for 14 MeV neutrons - neutrons thermalize in ommon ases of hydrogen-rih argos.In the previous setion we showed that onsideration of the �nite ontainer size is impor-tant for estimating the o�f-axis ux in ineÆiently moderating argos. Properly aountingfor the inuene of neutron leakage in eÆiently moderating argos is more diÆult andwould take us beyond the reah of simple integrals. However, we will show below that the�nite ontainer size plays a very modest role in setting the ux in hydrogenous argos. Thisis beause in these argos the absorption length, i.e. the distane travelled by initially non-thermal neutrons before being thermalized an absorbed, is typially smaller than the argoontainer size. The presene or absene of material outside of the absorption length anonly have an exponentially small inuene on the di�usive thermal ux.7



When neutron moderation is important, aount must be taken of the neutron energydistribution and the dependene of the neutron ross setion on energy. One useful andrelatively simple approah to desribe the neutron spetrum in moderating media is providedby Fermi age theory (see [4℄). This theory diretly onsiders the slowing down density ofneutrons in the medium de�ned as q = ��E d�dE : (10)Here q is the slowing down density, or rate per unit volume at whih neutrons with energyE satter to lower energies, and d�=dE is the di�erential ux of neutrons with energy E. Intime-independent systems the volume integral of q is independent of E. For a point soure ofmono-energeti neutrons in a uniform medium, Fermi's theory gives a slowing down kerneldesribed by the Gaussian form q(r; �) = e�r2=4�(4��)3=2 : (11)Here � is the so alled Fermi age and is usually given in m2. The quantity �(E) determinesthe spatial width of the distribution of neutrons with energy E. In addition to being unwieldyfor alulations, it is well known that a Gaussian kernel underestimates the slowing downdensity at large r for water and water-like moderators haraterized by � � 1. Instead ofthe Gaussian kernel, we use the simple exponential formq = exp(�r=q�(E))4��(E)r (12)that is known empirially to represent the slowing down density at large r for water andwater-like moderators to a good approximation [5℄. For the present alulations we relyon published values of neutron thermalization ages, i.e. �(E = Ethermal) [5℄. Table I givestransport quantities haraterizing passage of neutrons through plywood.One neutrons reah near-thermal energies, sattering and absorption ross setions re-main approximately onstant. It then is appropriate to desribe these near-thermal neutronswith a di�usion equation. Treating eq. (10) as the soure in a di�usion equation, the di�usivethermal ux orresponding to a point soure of unit strength of mono-energeti neutrons is�di�;th = 14��D 11=� � k2 1r exp(�kr) �1� er(k���1=2)� (13)where D is the di�usion oeÆient for thermal neutrons and � here represents the age ofthermal neutrons. In eq. 13 k�1 � qD=�a is the di�usion length for thermal neutrons, with8



�a the marosopi absorption ross setion of thermal neutrons. We note that in pratialases, some of the neutrons interrogating hydrogenous argo will have sattered multipletimes, but will not have thermalized. Eq. 10 suggests an estimate for the ux of theseintermediate-energy neutrons. As a �rst approximation,d�int � 2�0dq(r; � = �therm); (14)where �0 is the mean free path of neutrons with the inident energy. We neglet theseintermediate energy neutrons in the following beause the rate at whih they indue �ssionis typially small ompared to the �ssion rate assoiated with thermal neutrons.We again take the one-sattered neutrons as the soure of aging/di�using neutrons ineq. 7. This gives an estimate of the di�usive thermal ux at any point in the argo ontaineras �di�;th(�x) = �4��D 11=� � k2 Z �0(z0)r(�x; �x0) exp(�kr(�x; �x0)); �1� er(�x;�x0)(k���1=2)� d3x0: (15)where the integral is over the volume de�ned by the unsattered neutron beam.To illustrate the general features of neutron interrogation of hydrogenous argos, we haveused the wood model desribed above, expeted to be representative of a wide variety ofagriultural produts, plastis, et. The neutron ux at the enter of a ontainer �lled withthis material is shown in �gure 4 as a funtion of inident neutron energy for both MonteCarlo simulations and the analyti model developed here. Again, the uxes alulated withthe analytial model are in good agreement with those obtained from the Monte Carlo sim-ulations. Both point out the entral feature that the ux in thik hydrogenous media andepend markedly on the energy of inident neutrons. This reets the strong energy depen-dene of the n-p sattering ross setion. Neutrons with energies of 10-14 MeV penetratehydrogenous argos about as well as they penetrate higher-Z argos. However, at energiesless than a few MeV, strong attenuation ours in the hydrogenous media. It is worth notingthat for En <� 3 MeV, the fration of the ux that is unollided is negligible. In a ontainer�lled uniformly with our wood model at a density of � = 0:6g m�3, for example, the un-ollided ux of inident 60-keV neutrons at the enter of the ontainer is about 5 orders ofmagnitude smaller than the di�usive ux of thermal neutrons at the ontainer enter.The spatial variation of the ux for this argo is illustrated in �gure 5. Like the distribu-tion shown in �gure 3 for aluminum, whih is expeted to be representative of most weakly9



moderating media, the di�usive ux in hydrogenous media dereases almost exponentiallywith distane normal to the beam axis. For hydrogenous, moderators, however, this arisesnot so muh from the �nite ontainer size, but prinipally beause of thermal neutron ab-sorption. Beause of the axial dependene of beam attenuation, iso-ux surfaes are notwell-represented by hemi-spheres entered at the point in the oor where the beam entersthe argo ontainer. Even though the mean free path of inident neutrons an be smallrelative to the argo height, it is not appropriate to approximate the neutrons as su�eringa �rst ollision at their point of entry.III. SPECTRUM AND TRANSPORT OF �-DELAYED  RAYS IN CARGOSThe neutron-rih primary �ssion fragments, after emission of prompt neutrons and -rays, have atomi numbers that are typially 3-4 units smaller than those orresponding tostability for the same mass number. As these nulides undergo � deay to reah stability,a large number of  rays are emitted. Figure 6 illustrates some of the proesses that ourduring suh deays. At the present time, no single evaluated data set exists that diretlyprovides for the temporal evolution of  rays from the deay of the �ssion produts. However,evaluated data sets representing all of the physial parameters required for suh alulationshave been prepared. These inlude the independent and umulative �ssion yields of all �ssionproduts, branhing ratios in the deay of ground and isomeri states, lifetimes of thesestates, and the spetra of  rays emitted in their deay. Sizeable unertainties and, possibly,signi�ant errors are likely present for the shortest-lived �ssion produts. High-energy -ray spetra generated from some of these data sets have been shown to be in reasonableagreement with initial experiments designed spei�ally to test them under onditions likelyto be of interest to argo interrogation [2, 6, 7℄.Of partiular interest is the time evolution of the emission of the high-energy  raysprodued following �ssion. Figure 7 illustrates the predited time evolution of the emissionof suh photons following thermal �ssion of 235U and 239Pu. These nulides are expetedto exhibit the general and generi features ommon to most �ssile nulides. The resultsshown here were obtained from Monte Carlo simulations using the �ssion yield evaluationsof England and Rider [8℄ and the NUDAT data �les [9℄. As seen in the �gure, abouthalf of the high-energy photons, � 0:05 � 0:1 per �ssion, are emitted within about 10 se10



following �ssion and most of the remainder are emitted over a period of order 100 se. Thetotal intensity of photons with E >� 3 MeV is roughly an order of magnitude larger thanthe intensity of �-delayed neutrons, the signature of �ssile nulides often used to detet�ssionable material under onditions of minimal shielding.Figure 8 shows details of the photon spetrum aompanying thermal �ssion of 235U. Al-though a number of prominent and identi�able lines are present in the spetrum, about halfof the total intensity is found in a large number of fairly weak lines. While this ompliatesattempts at omparing alulations with experiments, it also suggests the eÆay of theuse of simple Compton detetors as indiated in the onlusions. Of partiular importaneto the following, essentially the entire energy spetrum is ontained within an energy bandending at about 6 MeV.A. Transport of photons through the argo ontainerFor photons with E � 2 MeV, the dominant mode of interation throughout the perioditable is inoherent sattering. This observation greatly simpli�es treatment of the transportof high-energy -rays through the argo ontainer. The Compton sattering approximationmay be applied with negligible error, and the mass attenuation oeÆient for photons isthen dependent primarily on the ratio of Z/A. This ratio varies in the range 0:39 <� Z=A <�0:5 over most of the periodi table. Thus, the attenuation of high-energy photons willdepend primarily on the areal density of a argo with but weak dependene on its elementalomposition. To a fair degree of approximation, the transport of the high-energy  raysof interest may be estimated without undue onern for the makeup of the argo and itsheterogeneity. To be sure, some error will arue if the argo ontains appreiable quantitiesof the heaviest elements beause of the inreasing importane of nuleus-mediated pairprodution. But this will a�et only the highest-energy photons and should not generallyresult in gross error.An additional and important simpli�ation that results from restriting attention to theCompton interation relates to the number of satterings a photon an su�er before losingso muh energy that it is no longer of interest with respet to detetion of a unique signatureof �ssion. As shown in Appendix 1, it usually suÆes to onsider only those photons thatsu�er fewer than two satterings in the argo ontainer before entering into an external11



detetor. Beause the e�ets of a single sattering on photon spetra are represented bysimple integrals over the argo ontainer volume, detailed photon transport alulations aregenerally not required.When unollided photons dominate the �ssion signature, the inuene of the argo ma-terial is represented by simple attenuation in the form� = S04�r2 exp(�h�ri) � S04�r2 exp��4h�i r100m� : (16)Here S0 is the soure strength, r is the soure to detetor distane and angle braketsrepresent an average along a given diretion. This suggests that that photons esaping fromhomogeneous argos will be attenuated by less than two orders of magnitude.The estimate in eq. (16) neglets the modest dependene of the Compton sattering rosssetion on photon energy over the energy range of interest. The energy dependene modi�esthe spetrum of esaping photons beause of the derease in the Compton ross setion withinreasing photon energy. An estimate of the magnitude of spetrum distortion is made bynoting that the Compton sattering ross setion for 2 MeV photons is about 5/3 times largerthan for 5 MeV photons (eq. A3). This implies that distortion of the delayed -ray spetrumbeomes appreiable for argo thiknesses orresponding to h�(E = 2MeV)ri >� 2.IV. ESTIMATES OF THE FISSILE-MATERIAL SIGNATUREIn this setion we show how to use the analytial expressions developed in the previoussetions to estimate the delayed -ray signature from �ssion. We alulate � , the numberof observed high-energy �-delayed photons per neutron inident on the argo ontainer.Following the spirit of the preeding setions, we write� = �fS;0e�h�ri�d: (17)Here �f represents the number of �ssions per soure neutron and S;0 is the number ofphotons emitted per �ssion in the time and energy window of interest. For example, if asystem an detet photons with energies larger than 2 MeV emitted over a period of 100 sefollowing �ssion, then �gure 7 gives S;0 � 0:2 for 235U. In Eq. 17, �d represents the frationof esaping high-energy photons that are deteted. This learly depends on harateristisof the photon detetor that will not be onsidered here. It is reasonable to oneive of a12



detetor system that will register a substantial fration of the photons emitted into the solidangle it subtends.The eÆieny for induing �ssion depends on harateristis of the �ssionable material. Ifthis target material has dimensions that are large relative to the mean free path of a neutronin the �ssile material, �f will sale with the target surfae area. If the target is relativelysmall �f will instead sale with the target mass. For our present purposes we will supposethat the target is spherial with radius rtarg and ompletely opaque to thermal neutrons.We also assume that neutrons at higher energies indue �ssion with 10 perent eÆieny.These numbers are appropriate for a target onsisting of a 5 m sphere of 235U. With theseassumptions the eÆieny for induing �ssion an be written�f � �r2targ�0abeam ��TH(targ) + 0:1�HE(targ)� ; (18)where �TH and �HE refer to the ux of thermal and all other neutrons at the positionof the target, respetively. The fator � in eq. (18) should be hanged to 4� when the(approximately) loally isotropi di�usive ux dominates over the well-ollimated unollidedux.For homogeneous, non-hydrogenous argos the unollided ux at the enter of the argoontainer along the beam axis is approximately 0.2�0 for neutrons with inident energylarger than about 5 MeV. At a horizontal distane of 1 m from the beam axis, the totalux is smaller by fators of 4-10. Essentially the entire ux within the ontainer is non-thermal. The total attenuation length for esape of photons arising from a target loated atthe enter of a uniformly �lled ontainer is r� � 3(�=0:5g m�3). Using these estimates asaling useful for understanding signal strength from homogeneous non-hydrogenous argosis obtained as ��d � 10�5e�(h�xi�3)  �target=�00:2 !�S;00:1 � �r2targ=abeam0:1 ! : (19)Impliit in this equation is the assumption that the beam area is larger than the rosssetional area of the �ssile material.The ux in hydrogenous argos depends strongly on the neutron beam energy and hydro-gen density in the argo. Figure 4 and the equations in setion IIB an be used for reliableestimates of ux in homogeneous argos. Note that the ux will usually be dominated bythermal neutrons. 13



V. DISCUSSION AND CONCLUSIONSNotwithstanding the real omplexities of the wide range of argos expeted in pratie,the analyses presented above suggest that for many homogeneous and quasi-homogeneousargos, the exat nature of the materials is relatively unimportant to estimates of the eÆayof the interrogation sheme. If the argo is devoid of signi�ant quantities of hydrogenousmaterial, so that thermalization an be negleted, the eÆieny for produing �ssion isnot strongly dependent on the elemental omposition. When the hydrogenous ontent issigni�ant, the eÆieny for produing �ssion will depend strongly on the average densityof hydrogen and the inident neutron energy. The detailed omposition of the hydrogenousmaterial is generally unimportant. Further, signi�ant quantities of high-Z elements willnot a�et the eÆieny to a great extent. For almost all argo types, the transport of thehigh-energy delayed  rays through the argo will be fairly independent of argo ompositionother than its mean density. This is true for both homogeneous and heterogeneous argos.These observations permit general soping alulations to estimate the signal inident onan external detetor without reourse to detailed transport alulations. As shown in theappendix, the spetrum of photons esaping the argo will, in many ases be omposed of asigni�ant fration of �rst-sattered photons that will have energies in the range desired forsignal analysis. As pointed out by Norman et al. [2℄, the natural bakground radioativitydoes not emit energies in exess of 2.6 MeV, and this might represent a natural lower-limit to the energies of deteted photons that are used as a signal for �ssion. To be sure,detetor events from osmi bakground and subsequent nulear reations at higher energiesmust be onsidered. But also, the very intense photons at lower energies from �ssion mightsuggest an even lower threshold for a �ssion signal. The exat nature of the lower-limit for adesired signal will depend upon an optimization between the �ssion-produt  rays and theatual bakground of the environment in whih measurements are made. In any event, thelarge fration of delayed -ray intensity ontained in relatively weak lines suggest that high-resolution detetors are not neessary and relatively heap and simple organi sintillatorsshould suÆe in pratial appliations.We have not presented a survey of argos that are non-uniform, or \lumpy". As disussedabove and in the �rst Appendix, photon transport is mostly sensitive to average opaities.Even for lumpy argos, then simple methods an give good estimates for the spetra of14



photons esaping the ontainer.Some of the onlusions arrived at above will not be valid for neutrons interrogating verylumpy argos. One reason is simply that the natural densities of many material are muhlarger than the allowed maximum mean density of a argo ontainer. Sine the neutronsattering depth for a material of width x is just proportional to �x, neutrons interrogat-ing lumpy argos an be attenuated muh more than neutrons interrogating homogeneousargos. For example, a argo ontainer �lled with twenty-seven (40m)3 steel ubes on auniform grid at the nominal density of about � = 8g m�3 has the same mass as a ontainer�lled uniformly at a density � = 0:6g m�3. However, the unollided ux of neutrons passingthrough two of these ubes is only about 10�6 of the inident ux. Essentially all of theinident neutrons exit a ube after several satterings and the di�usive ux will be relativelyintense. Both Monte Carlo and analyti alulations show that the di�usive ux an beabout two orders of magnitude larger than the unollided beam ux in a ontainer pakedin this way. Clearly, the detailed nature of suh "lumped" argo and the distribution ofvoids in the ontainer must be onsidered for �eld appliations.AknowledgmentsWe are indebted to Dennis Mnabb for helping us to understand that the absorptionlength an be muh larger than the moderation length in these argos. We also thankDennis Slaughter for bringing together the argo interrogation group and motivating thisprojet. This work was performed under the auspies of the U.S. Department of Energy byUniversity of California Lawrene Livermore Laboratory under ontrat W-7405-ENG-48.VI. APPENDIXESAPPENDIX A: ESTIMATES OF THE CONTRIBUTION OF MULTIPLY SCAT-TERED PHOTONS TO THE DELAYED -RAY SPECTRUM INCIDENT UPONAN EXTERNAL DETECTORThe inuene of Compton sattering on the spetrum of �-delayed -rays inident on anexternal detetor an be estimated by onsidering the ase of an isotropi mono-energeti15



photon soure surrounded by some attenuating material. The probability that an emittedphoton arrives at a detetor outside the argo ontainer without having previously satteredis P0 � Ad4�d2 e�a=�: (A1)Here Ad is the detetor area, d is the soure to detetor distane, a is the path length throughthe attenuating medium, and � is the mean free path of photons in the medium. In thelimit where only Compton interations are signi�ant, reasonable for the range of photonenergies onsidered here,��1 = �hZ=AiNa� � (5m)�1  hZ=Ai0:5 ! �1 g m�3!� ��T � : (A2)Here � is the density of sattering material, hZ=Ai is the average harge to mass ratio of thematerial, �T is the Thomson ross setion, and� � 34�T me2E �14 + 12 ln� 2Eme2�� (A3)is the total Compton sattering ross setion.Photons whih satter one in the argo ontainer before esaping have energies E 0 givenby the familiar relation E 0 = E1 + Eme2 (1� os �) : (A4)Here � is the sattering angle of the photon and me2 is the rest energy of an eletron.Beause of the limited energy range of the deteted photons that are useful for extrating asignal from deay of �ssion fragments, sattering by an angle greater than some �max resultsin a photon with energy too small to be interesting. This maximum sattering angle isrelated to the largest aeptable ratio �e � [E=E 0 � 1℄ byhE=E 0 � 1imax(E=me2) � �e(E=me2) = 1� os �max: (A5)For argo appliations �e is of order unity. For example, if the typial interesting photonhas an energy of 3 MeV, and the lowest limit of the deteted photon signal that is of interestis 2 MeV, then �e = 1=2.The probability P1 that a photon arrives at the detetor after su�ering one small angle(� < �max) sattering is readily alulated for a given argo loading senario fromP1 = Z�<�max exp(�n�) 1� d�d
Adr22 d3x4�r2�: (A6)16



Here r is the distane from the photon soure to the volume element d3x where a satteringtakes plae, r2 is the distane from that volume element to the detetor and n� is the totalnumber of mean free paths the photon must traverse to arrive at the detetor. Beause �maxis small for our appliations, the di�erential sattering ross setion appearing in Eq. (A6)is fairly approximated by the zero degree forward sattering di�erential ross setion. Thisimplies that the fration of satterings resulting in a small-angle (� < �max) ollision is1�  d�d
(� � 0)! d
(� < �max) � 2�e3 : (A7)For a point photon soure embedded in a uniform argo ontainer this impliesP1P0 � (2=3)�e�r: (A8)In general, one sattered photons are expeted to dominate the signal one �r is largerthan about three.APPENDIX B: DIFFUSION KERNEL FOR A RECTANGULAR BOXDi�usion alulations desribing transport in �nite systems often make the simplifyingapproximation that the ux falls to zero at an extrapolation distane dex = 2=3� fromthe system walls. With this assumption the di�usion kernel for homogeneously �lled argoontainers an be represented byG�n = 4W 2 Xn;m=1 sin(~ym) sin(~y0m) sin(~zn) sin(~z0n) sinh(mnx<) sinh(nm(L� x>))nm sinh(nmL) ; (B1)where ~a � a�=W , nm = (1=W )pm2 + n2, x< = min(x; x0), and x> = max(x; x0). Thisequation assumes that the argo ontainer has one orner at the oordinate system originand oupies only the positive otant of this system. The long axis of the ontainer isassumed to be along the x-axis. The length of the ontainer along this diretion is L� dex,while the ontainer length along the other two diretions is W � dex.Eq. B1 points to an interesting and sometimes ounter-intuitive aspet of neutron di�u-sion in �nite systems. Namely, G�n depends only weakly (through the de�nition of L andW ) on the neutron mean free path. This means that the relative error indued by use of thein�nite spae kernel Ginf / 1=r (rather than the more appropriate G�n) is approximately17



the same whether the neutron mean free path is 30 m or 30 mm.
[1℄ Slaughter, D., Aatino, M., Bernstein, A., Candy, J., Dougan, A., Hall, J., Loshak, A.,Manatt, D., Meyer, A., Pohl, B., Prussin, S.G., Walling, R., Weirup, D., 2003, LawreneLivermore Laboratory Report, UCRL-ID-155315[2℄ Norman, E.B., Prussin, S.G., Larimer, R.-M., Shugart, H., Browne, E., Smith, A., MDonald,R.J., Nitshe, H., Gupta, P. Frank, M., Gosnell, T., 2004, NIM A, 521, 608[3℄ Wilox, T.P. & Lent, E., 1989, Lawrene Livermore Laboratory Report, M-221-1[4℄ Weinberg, A.M. & Wigner, E.P. 1958, The Physial Therory of Neutron Chain Reators,University of Chiago Press[5℄ Argonne National Laboratory, July 1963, Reator Physis Constants, United States AtomiEnergy Commission[6℄ Pruet, J., Hall, J., Desalle, M.-A. & Prussin, S.G. 2004, NIMB 222, 403.[7℄ Norman, E.B. et al. 2004, in preparation[8℄ England, T.R. & Rider, B.F. 1994, LA-UR-94-3106, ENDF-349[9℄ Kinsey, R.R., Dunford, C.L., Tuli, J.K. & Burrows, T.W., 1997, Capture Gamma-Ray Spe-trosopy and Related Topis, Vol. 2., 657[10℄ Although other light nulides suh as deuterium and 9Be an be good moderators, they arenot normally found as major omponents of international ommere.[11℄ http://t2.lanl.gov
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FIG. 1: Shemati illustration of the neutron interrogation system onsidered here.
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FIG. 2: The ux at the enter of a argo ontainer �lled homogeneously with aluminum as a funtionof neutron soure energy and mass density. A neutron beam of unit ux is inident normal to theoor of the ontainer and has a 15 m radius. Results of Monte Carlo alulations are labelled with(MC), while estimates based on the sum of eq. (9) and eq. (6) are labeled with (Analyti). Forthe analytial alulations, neutrons sattering in the 3-m thik wood oor overing are assumedlost from the system. This is overly onservative and results in an underestimate of the uxfor low neutron soure energies (see text). Sampling unertainties in the Monte Carlo runs areapproximately 0:1% near the enter of the ontainer and approximately 1% near the edge of theontainer.
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FIG. 3: The ux along the horizontal enterline at the mid-pale of a argo ontainer �lled uniformlywith aluminum. The inident beam used for these alulations is omprised of mono-energeti14MeV neutrons with the same harateristis as the beam desribed in �gure 2. Here x measuresthe distane along the long (20 foot) axis of the argo ontainer. The upper and lower lines labeledMC and ANALYTIC represent ux in a ontainer �lled at � = 0:4g=m3, while the lower lineslabeled MC and ANALYTIC represent ux in a ontainer �lled at � = 0:6g=m3. The line labeledGinf represents ux in the absene of neutron leakage (i.e., under the assumption that the argoontainer has in�nite size). Note that at distanes from the beam larger than about 100 m thein�nite-spae approximation grossly overestimates the ux. Sampling unertainties in the MonteCarlo runs are approximately 0:2% near the enter of the ontainer and approximately 50% nearthe edge of the ontainer.
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FIG. 4: The ux at the enter of a argo ontainer �lled homogeneously with wood (see text) asa funtion of neutron soure energy and mass density. Neutron beam harateristis used for thisalulation are the same as those desribed in the aption of �gure 2.
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FIG. 5: Same as �gure 3 exept for a ontainer �lled uniformly with plywood. The upper andlower lines represent ux in a ontainer �lled at � = 0:4g=m3 � = 0:6g=m3, respetively.

23



n T+

γprompt

γβ

γβ

β−

β−

fission

isomer

stable

FIG. 6: Illustration of some proesses leading to the prodution of post-�ssion �-delayed photons.
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FIG. 7: Estimate of the umulative number of high-energy photons produed following thermalneutron indued �ssion of 235U and 239Pu.
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FIG. 8: Estimate of the spetrum of photons emitted in the time interval from two to twelve seondsfollowing thermal neutron indued �ssion of 235U. The dotted line is one tenth the umulative sumof the individual lines.
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TABLE I: Some quanitities useful for alulations involving neutron transport in hydrogenousmaterialsMaterial En(MeV)a �(m2)b �0(m) k�1(m)dPlywood 0.06 30 2.2 7.8Plywood 1 70 5 7.8Plywood 3 185 10 7.8Plywood 10 700 19 7.8Plywood 14 800 20 7.8Values listed here assume a plywood density of 0:6g=m3.aNeutron energy.bFermi age of thermal neutrons with the given inident energy. Note that tau sales with density as� / ��2.Mean free path of neutrons with the given inident energy. Note that � / ��1.dDi�usion length of thermal neutrons. Note that k�1 / ��1
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